Autophagy plays an important role in immunity to microbial pathogens. The autophagy system can target bacteria in phagosomes, promoting phagosome maturation and preventing pathogen escape into the cytosol. Recently, Toll-like receptor (TLR) signaling from phagosomes was found to initiate their targeting by the autophagy system, but the mechanism by which TLR signaling activates autophagy is unclear. Here we show that autophagy targeting of phagosomes is not exclusive to those containing TLR ligands. Engagement of either TLRs or the Fc␥ receptors (Fc␥Rs) during phagocytosis induced recruitment of the autophagy protein LC3 to phagosomes with similar kinetics. Both receptors are known to activate the NOX2 NADPH oxidase, which plays a central role in microbial killing by phagocytes through the generation of reactive oxygen species (ROS). We found that NOX2-generated ROS are necessary for LC3 recruitment to phagosomes. Antibacterial autophagy in human epithelial cells, which do not express NOX2, was also dependent on ROS generation. These data reveal a coupling of oxidative and nonoxidative killing activities of the NOX2 NADPH oxidase in phagocytes through autophagy. Furthermore, our results suggest a general role for members of the NOX family in regulating autophagy.
A
utophagy is a eukaryotic cytoprotective mechanism that involves formation of double-membrane vesicles, called autophagosomes, which sequester cytoplasm, damaged organelles, protein aggregates, or invading pathogens for degradation (1) . It is an important innate defense mechanism against pathogen infection, including bacteria, virus, and parasites, but its mechanisms of regulation are not clearly understood (2) . Recent studies revealed that several immune-responsive pathways, such as IFN␥, TLR, and Nod-like receptor-mediated signals, can regulate autophagy (2) .
Phagocytosis, a first-line innate immune defense mechanism, can be triggered by binding of particles to specific membrane receptors, such as Fc␥ receptors (Fc␥Rs), complement receptors, and ␤-glucan receptor (3) . Previous studies have demonstrated that engagement of TLR signaling during phagocytosis is able to recruit the autophagy protein LC3 to phagosomes and promotes their maturation and microbial killing (4) , possibly through the ability of LC3 to mediate membrane tethering/ hemifusion (5) . How TLR signaling links the autophagy pathway to phagocytosis, and whether other receptor signaling events on phagosomes can similarly activate autophagy, are currently unknown.
NOX2 NADPH oxidase activation is a key downstream event of phagocytosis and a central player for pathogen killing in phagocytic leukocytes (6, 7) . The NOX2 NADPH oxidase is composed of a membrane-bound flavocytochrome b 558 (composed of NOX2/gp91 phox /cytb and p22 phox ) and cytosolic components p67 phox , p47 phox , and p40 phox (8) . In response to appropriate signaling events, such as Fc␥R and TLR signaling, the NOX2 NADPH oxidase is assembled on the nascent phagosomal membrane and generates superoxide by transferring electrons from cytosolic NADPH to oxygen in the phagosome lumen (8) . Superoxide is highly reactive and, along with reactive oxygen species (ROS) generated thereof, can directly kill microbes (6, 7) . In addition to their direct antimicrobial effect, NOX2-generated ROS have other actions, including the regulation of phagosome pH and K ϩ levels (9, 10), activation of signal transduction cascades (11, 12) , and alteration of gene expression (13) . Loss-of-function mutations in components of the NOX2 NADPH oxidase lead to chronic granulomatous disease, a severe immunodeficiency characterized by susceptibility to bacterial and fungal pathogens (14) .
Mitochondria-produced ROS have been shown to be involved in starvation-induced autophagy and autophagic cell death in cancer cells (15, 16) . Here we show that NOX2-generated ROS are necessary for targeting of the autophagy protein LC3 to phagosomes. We found that in addition to TLR signaling, Fc␥R-mediated phagocytosis can also induce LC3 recruitment to phagosomes. This process depends on NOX2 activity but is independent of mitochondria-produced ROS. Furthermore, NOX2 is required for targeting Salmonella enterica serovar Typhimurium (S. Typhimurium) in neutrophils, and ROS production by other NOX enzymes in nonphagocytic cells is necessary for autophagy of the bacteria. Our results identify NOX2-generated ROS as a key regulator of autophagy during phagocytosis and suggest a general role of NOX-family proteins in autophagy regulation during pathogen invasion in various cell types.
Results and Discussion

Fc␥R and TLR Signaling Induces Recruitment of Autophagy Proteins to
Phagosomes. To determine whether autophagy also targets phagosomes without TLR stimulation, we transiently transfected RAW 264.7 macrophages with green fluorescent protein (GFP)-LC3 or red fluorescent protein (RFP)-LC3 and incubated the cells with latex beads coated with BSA, human IgG (Fc␥R ligand), or lipopolysaccharide (TLR4 ligand). In parallel, cells were incubated with FITC-labeled zymosan particles (TLR2 and Dectin-1 receptor ligand). Intracellular particles were distinguished from extracellular ones by differential staining or by using lysosomal-associated membrane protein 1 (LAMP1) as a phagosome marker, as described in Materials and Methods. Consistent with previous findings (4), we observed that Ϸ40% of This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0811045106/DCSupplemental. zymosan particles colocalized with RFP-LC3 at 60 min after uptake ( Fig. 1 A and B) . Recruitment of GFP-LC3 to phagosomes containing IgG-coated beads was also observed, and it reached a maximum of Ϸ35% after 60 min. GFP-LC3 was also observed on Ϸ10% of LPS-coated beads, but not on uncoated or BSA-coated beads ( Fig. 1 A and B) . The appearance of LC3 on phagosomes occurred rapidly (earlier than 15 min) and transiently (declining after 60 min) (Fig. 1C) , consistent with previous results (4) . The rate of decline of the LC3 signal on phagosomes was partially decreased by bafilomycin A1, an inhibitor of the V-type proton ATPase that impairs fusion of autophagosomes with lysosomes (17) (Fig. S1 A) . This suggests that the decline in LC3 associated with phagosomes is mediated, at least in part, by lysosomal degradation. Recycling of LC3 from phagosomes may also occur as a result of ATG4 protease activity, which is known to mediate recycling of LC3 from autophagosomes (18) .
To determine if endogenous LC3 is recruited to the phagosomes, RAW 264.7 macrophages were fed IgG-coated beads for 60 min and phagosomes were isolated by sucrose gradient centrifugation as previously described (19) . Total cell homogenate and purified phagosome fractions were analyzed by immunoblotting. Phagosomal proteins LAMP1 and RAB5 were detected in the phagosome fractions as expected (20) (Fig. 1D) . The cytosolic and endoplasmic reticulum markers ␤-tubulin and protein disulfide isomerase (PDI), respectively, were not significantly accumulated in these fractions, confirming the purity of the preparation. Endogenous LC3 was detected as two forms (LC3-I and LC3-II) in the total lysate (see longer exposure). LC3 was also detected in phagosome fractions, but only in its lipidated form (LC3-II), which results from its covalent conjugation to phosphatidylethanolamine (PE) during autophagosome formation (21) .
To determine whether the LC3-II on phagosomes is recruited from the existing pool of LC3-II in the cells or from de novo enhanced lipidation induced by TLR and Fc␥R signaling, we examined total LC3 lipidation in whole-cell lysates. As expected, bafilomycin A1 and rapamycin treatment caused accumulation of LC3-II compared with control cells (Fig. S1B ). LC3-II formation was also enhanced when cells were incubated with zymosan or IgG-coated beads, compared with control cells. Zymosan treatment led to less LC3-II accumulation than IgGcoated beads, possibly due to the relatively lower efficiency of cells to internalize these particles compared with IgG-coated beads. Cells incubated with uncoated beads did not accumulate LC3-II (Fig. S1B ). These findings suggest that TLR and Fc␥R signaling during phagocytosis causes LC3-II accumulation on phagosomes due to enhanced lipidation of LC3.
In addition to LC3 we also observed another autophagy protein, ATG12, present on phagosomes (Fig. 1D ). ATG12 is a component of the conjugation complex ATG5-ATG12-ATG16L1, which determines the site of LC3 lipidation (22) . ATG12 was detected as the ATG12-ATG5 conjugated form in both total lysate and phagosome fractions, although it migrated faster in the latter fraction (apparent molecular mass 55 kDa), possibly due to posttranslational modification of the protein. The presence of ATG12 on phagosomes suggests that the conjugation complex ATG5-ATG12-ATG16L1 promotes the conversion of LC3-I into LC3-II on phagosomes. Together, these findings demonstrate that engagement of either TLRs or the Fc␥R can increase cellular levels of LC3 and accumulation of the protein on phagosomes, possibly due to de novo lipidation of LC3 on phagosomal membranes.
ROS Mediate Autophagy Targeting of Phagosomes.
The observation that phagosomes containing uncoated beads and BSA-coated beads do not initiate LC3 recruitment suggests that a specific signaling event common to TLR and Fc␥R activation is required. Both TLR and Fc␥R signaling can initiate ROS production through activation of the NOX2 NADPH oxidase (23, 24) . Because mitochondria-generated ROS were shown to be involved in starvation-induced autophagy (16), we hypothesized that generation of ROS by the NOX2 NADPH oxidase might be the signal that targets autophagy to the phagosome. To test this, we treated cells with the NADPH oxidase inhibitor diphenyleneiodonium (DPI). We found that the percentage of LC3 ϩ phagosomes was significantly reduced in cells treated with DPI ( Fig. 2 A-C and Fig. S2 ). DPI treatment also inhibited overall LC3 lipidation triggered by IgG-coated beads and zymosan (Fig.  S1B ) and blocked association of endogenous LC3 and ATG12 with purified IgG-coated latex bead phagosomes (Fig. 1D) . Treatment of cells with the lipophilic antioxidants ␣-tocopherol and resveratrol impaired LC3 recruitment to IgG-coated latex bead phagosomes ( Fig. 2 A and Fig. S2 ). However, treatment of cells with the antioxidant N-acetylcysteine (NAC) had no effect ( Fig. 2 A and Fig. S2 ), possibly due to its hydrophilic nature. Rotenone, an inhibitor of mitochondrial complex I, did not affect the translocation of LC3 to phagosomes ( Fig. 2 A and Fig.  S2 ), excluding the possible involvement of mitochondriagenerated ROS.
NOX2-Generated ROS Are Necessary and Sufficient for Targeting LC3
to Different Phagosomes. Neutrophils are the most prevalent phagocytes in blood and produce high levels of ROS during phagocytosis (6). Therefore we examined autophagy targeting of phagosomes in murine bone marrow-derived neutrophils. Generation of ROS by the NOX2 NADPH oxidase during phagocytosis of TLRs or IgG-opsonized beads was confirmed by the nitroblue tetrazolium (NBT) test, in which superoxide oxidizes NBT to produce dark diformazan precipitates (25) . Formazan deposition on phagosomes was detected in untreated neutrophils, but not in DPI-treated cells (Fig. S3A) . Ingestion of IgG-coated beads by neutrophils triggered recruitment of LC3 to phagosomes in a DPI-sensitive manner (Fig. S3B) . Compared with RAW 264.7 macrophages, GFP-LC3 association with IgGcoated bead phagosomes in neutrophils was prolonged, with significant levels of recruitment observed up to 180 min after uptake (Fig. S3B) . This is consistent with the previous finding that RAW 264.7 macrophages produce only low levels of NOX2-generated ROS and for a short duration compared with primary phagocytes (10) . Phagocytosis of zymosan (Fig. 3B) or latex beads coated with the TLR agonists LPS or PAM3CSK4 also caused recruitment of GFP-LC3 to the phagosome (Fig.  3A) in neutrophils.
To more specifically determine the role of the NOX2 NADPH oxidase in LC3 recruitment to phagosomes, we isolated bone marrow-derived neutrophils from wild-type and Nox2 Ϫ/Ϫ mice and transiently transfected them with GFP-LC3. NBT staining was not observed on any phagosomes containing IgG-coated beads or zymosan particles in Nox2 Ϫ/Ϫ neutrophils (Fig. S3A) . For all conditions, Nox2 deletion significantly impaired LC3 recruitment to phagosomes (Fig. 3 A and B and Fig. S3C ). To determine if NOX2 NADPH oxidase activity is sufficient to recruit LC3 to the phagosome, we used the COS PF system, in which nonphagocytic COS cells are stably transfected with Fc␥R, flavocytochrome b, p47 phox , and p67 phox , as previously described (24) . An additional cell line was cotransfected with YFP-p40 phox (24) . The resulting cell lines, COS PF and COS PF -p40YFP, are able to internalize IgG-opsonized particles through the Fc␥R. However, NOX2 NADPH oxidase activity on phagosomes is detected in COS PF -p40YFP cells, but not COS PF cells because p40 phox is essential for NOX2 NADPH oxidase activity on phagosomes (24, 26) . We transfected RFP-LC3 into these cells and observed translocation of RFP-LC3 to the IgG-coated latex bead phagosomes in COS PF -p40YFP cells, whereas less was observed in COS PF cells (Fig. S4 A and B) . Therefore NOX2-generated ROS are sufficient to induce LC3 recruitment to phagosomes in the absence of other antimicrobial signaling/ detection systems specific to phagocytes. Together, these findings demonstrate that NOX2 NADPH oxidase plays a critical role in autophagy targeting of phagosomes.
We also investigated whether autophagy targeting of live bacteria requires NOX2-generated ROS in phagocytes. Neutrophils from wild-type and Nox2 Ϫ/Ϫ mice were transiently transfected with GFP-LC3 and infected with S. Typhimurium. The majority of bacteria present in phagosomes (LAMP1 ϩ ) colocalized with LC3 in wild-type cells (Fig. S5 A and B) . However, DPI treatment or Nox2 deletion caused a marked reduction of the percentage of LC3 ϩ bacteria.
NOX Activity Is Required for Autophagy of Bacteria in Epithelial Cells.
Previously we have shown that in human epithelial cell lines a population of S. Typhimurium is targeted by autophagy after invasion, restricting their intracellular growth (27) . Although these cell types do not express NOX2 (8), other NOX family members are expressed in almost all tissues (28) . We speculated that ROS generation by another NOX family member might contribute to autophagy of bacteria in epithelial cells. In support of this possibility, we observed expression of p22 phox , a common subunit associated with NOX1, -2, -3, and -4 (28) that is required for their function, in an embryonic intestinal epithelial cell line (Henle-407) (Fig. 4A ). In this cell type colocalization of GFP-LC3 with Ϸ40% of intracellular bacteria was observed at 60 min after invasion (Fig. S5 C and D) . When cells were treated with DPI, ␣-tocopherol, or resveratrol during invasion, LC3 recruitment to the bacteria was inhibited, but this process was not affected by rotenone (Fig. S5 C and D) . To test the requirement of NOX family NADPH oxidase activity in bacterial autophagy in Henle cells, we targeted the expression of p22 phox with siRNA (Fig. 4 A) . The recruitment of LC3 to intracellular bacteria was abolished in p22 phox siRNA-treated cells (Fig. 4 B  and C) . These results indicate that NOX family NADPH oxidase activity is also required for autophagy of bacteria in nonphagocytic cells.
Autophagy restricts the intracellular replication of S. Typhimurium in epithelial cells and fibroblasts by preventing the bacteria from entering the nutrient-rich cytosol (27) . To determine the role of NOX-mediated autophagy in regulating bacterial infection, we infected Henle cells with S. Typhimurium and quantified intracellular bacterial replication under conditions where expression of p22 or ATG12 was targeted by siRNA. At 2 hr after infection, the majority of infected cells (Ϸ60%) contained only 1-5 bacteria and only Ϸ10% of cells had more than 20 bacteria, which was similar for each siRNA treatment (Fig. 5A) . However, at 8 hr after infection, the population of cells containing more than 20 bacteria markedly increased to Ϸ50% in both p22 and ATG12 siRNA-treated cells, whereas it remained Ϸ10% in control siRNA-treated cells (Fig. 5A) . Knockdown of p22 and ATG12 expression significantly reduced the percentage of LAMP1 ϩ bacteria, consistent with the role of autophagy in preventing bacterial escape from the phagosome (27) (Fig. 5B ). These results demonstrate that NOX-mediated autophagy restricts intracellular replication by S. Typhimurium.
Autophagy plays an important role in innate immunity and was shown to target a variety of bacteria, including those contained in phagosomes (2) . Our findings demonstrate that NOX2-derived ROS are a key signal for LC3 recruitment to phagosomes. The mechanism by which ROS production on phagosomes initiates autophagy is currently unclear and will be an important question for future studies. Our data reveal a link between NOX2 and autophagy, two important innate immune systems. NOX2-derived ROS can directly kill microbes and at the same time signal for autophagy, thereby promoting phagosome maturation. In this way, both oxidative and nonoxidative killing of microbes is linked to NOX2-generated ROS. The finding that NOX-dependent ROS can induce autophagy of bacteria in nonphagocytic cells suggests that NADPH oxidases may play a central role in the regulation of autophagy. This will likely have significant medical relevance given that autophagy has been linked to many human diseases, including inflammatory bowel disease (29) (30) (31) .
Materials and Methods
Cell Lines. Henle-407 human epithelial (American Type Culture Collection) and RAW 264.7 mouse macrophage (American Type Culture Collection) cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone) supplemented with 10% FBS (Wisent) at 37°C under a 5% CO 2/95% air atmosphere without antibiotics. COS PF and COS PF -p40YFP were maintained in low-glucose DMEM (Wisent) supplemented with 10% FBS at 37°C under 5% CO2 with appropriate antibiotics as previously characterized (24) .
Neutrophil Isolation. C57BL/6J, wild-type mice (The Jackson Laboratory stock no. 664) and B6:129S6-CYbb (tm1d), Nox2 Ϫ/Ϫ mice (The Jackson Laboratory stock no. 002365) were used. Bone marrow neutrophils from femur and tibia bones of 2-to 6-month-old mice were isolated as previously described (32), except mice were killed by cervical dislocation.
Transfection and Plasmids. GFP-LC3 was from T. Yoshimori (Osaka University, Japan) (21) and RFP-LC3 was from W. Beron (Universidad Nacional de Cuyo-CONICET, Argentina). RAW cells were transfected with ExGen 500 (Fermentas), Henle, COS PF , and COS PF -p40YFP cells were transfected with GeneJuice (Novagen) as per the manufacturers' instructions. Neutrophils were transfected using the Amaxa Transfection kit (ESBE) following the manufacturer's recommended protocol. Cells were allowed to recover for 2-3 hr after transfection at 37°C under 5% CO2.
Phagocytosis Assay. Latex beads (3.87 m, Bangs Laboratory) were opsonized by incubating them at 4°C overnight in 6 mg/mL human IgG (Biodesign International), 30 g/mL Salmonella LPS (Sigma catalog no. L6143), 30 g/mL PAM3CSK4 (EMC Microcollections) or BSA (BioShop). RAW, COS PF , and COS PFp40YFP cells were transfected as described above and then incubated with opsonized beads or zymosan (Ϸ10 particles per RAW cell or Ϸ100 particles per COS cell). Where indicated, zymosan particles were labeled with FITC as previously described (33) . Beads were sedimented onto cells (1,000 rpm for 1 min in a Beckman Coulter Allegra R6 centrifuge) and then placed at 37°C. Cells were washed with PBS after 15 min and fresh growth medium was added. At the times indicated, cells were fixed and processed for immunofluorescence as previously described (33) . Neutrophils at a density of Ϸ2.5 ϫ 10 5 cells per mL were washed with PBS and resuspended in the presence of opsonized particles (Ϸ10 particles per cell). Cells and beads were spun down onto BSA-coated glass coverslips (5% BSA for 2-5 hr at Ϸ22°C) and then assayed as above.
Phagosome Purification. Phagosomes were purified as previously described with slight modification (19) . RAW cells were grown on 15-cm Petri dishes at 1 ϫ 10 6 cells per mL (20 mL) and incubated with IgG-opsonized latex beads (10 particles per cell) for 1-hr phagocytosis as described above; 8 ϫ 10 7 cells were used for each condition. Protein concentration was determined by using a Bio-Rad Protein Quantitation kit as per the manufacturer's instructions.
Western Blotting. Samples were separated on SDS/12% PAGE gels, transferred to polyvinylidene difluoride membranes, blocked overnight in 5% milk solids, and probed with antibodies: rabbit anti-Rab5B (Santa Cruz), mouse anti-␤-tubulin (Sigma), mouse anti-PDI (Stressgen), rabbit anti-p22 (clone R5554, gift from M. Quinn, Montana State University, Bozeman, MT), rabbit anti-LC3 (Novus), rabbit anti-ATG12 (Cell Signaling) and rat anti-LAMP1 (developed by J. Thomas August and James E. (27) , by a method optimized for bacterial invasion (27) .
Immunofluorescence and Microscopy. Immunofluorescence staining was carried out as previously described (33) . Primary antibodies used were rat anti-LAMP1 (Developmental Studies Hybridoma Bank), rabbit anti-Salmonella O antiserum group B (BD/Difco), and rabbit anti-GFP (Molecular Probes). Secondary antibodies used were goat anti-rat Cy3 (Jackson ImmunoResearch) and goat anti-rabbit or anti-mouse Alexa conjugates (Molecular Probes). Unless otherwise indicated, intracellular particles were identified by differential inside and outside staining. Without permeabilization, fixed phagocytosed cells were incubated with a goat anti-human Cy3 antibody for IgG-coated beads, or rabbit anti-yeast (AbD Serotec) antibody after a goat-anti rabbit Alexa 350 secondary antibody for zymosan. Only extracellular IgG-beads and zymosan can be stained. Only those intracellular particles that were surrounded by solid, strong GFP-or RFP-LC3 fluorescent signal, which stayed through differential focusing, were scored as LC3 ϩ phagosomes. For determining the presence of intracellular bacteria, immunostaining of extracellular bacteria before permeabilization was used.
Most colocalization quantifications were performed by direct visualization on a Leica DMIRE2 epifluorescence microscope. NBT conversion to formazan was assessed under brightfield/phase-contrast on a Leica DMIRE2 microscope. Images from SI Fig. 5 A and C were acquired by using a Leica DMIRE2 epifluorescence microscope equipped with Openlab software (Improvision). All other images are confocal z slices taken by a Quorum spinning disk microscope [Leica DMIRE2 inverted fluorescence microscope equipped with a Hamamatsu back-thinned electron multiplying chargecoupled device camera, spinning disc head, and Volocity 4 software (Improvision)]. Images were imported into Adobe Photoshop and assembled in Adobe Illustrator software. Statistical Analysis. For quantification studies, at least 100 particles or bacteria were counted for each condition in each experiment, unless otherwise indicated. At least 3 independent experiments were performed for each graph, unless otherwise indicated. The mean Ϯ SEM is shown in figures. For multiple comparisons, P values were calculated by using either a 1-way ANOVA (Dunnetts post test) or a 2-way ANOVA (Bonferroni post test) based on conditions by PRISM4 (GraphPad software). For single comparison, P values were calculated by using a 2-tailed, 2-sample, unequal variance Student's t test. A P value of Ͻ0.05 was determined to be statistically significant. P values for conditions having significant difference are shown in figures. 
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